Human infections with influenza H7 subtypes, such as H7N9, have raised concerns worldwide. Here, we report a human infection with a novel influenza A(H7N4) virus. A 68 years-old woman with cardiovascular and cholecystic comorbidities developed rapidly progressed pneumonia with influenza-like-illness as initial symptom, recovered after 23 days-hospitalization including 8 days in ICU. Laboratory indicators for liver and blood coagulation dysfunction were observed. Oseltamivir phosphate, glucocorticoids and antibiotics were jointly implemented, with nasal catheterization of oxygen inhalation for this patient. We obtained the medical records and collected serial respiratory and blood specimens from her. We collected throat, cloacal and/or feces samples of poultry and wild birds from the patient's backyard, neighborhood, local live poultry markets (LPMs) and the nearest lake. All close contacts of the patient were followed up and sampled with throat swabs and sera. Influenza viruses and other respiratory pathogens were tested by real-time RT-PCR, viral culturing and/or sequencing for human respiratory and bird samples. Micro-neutralizing assay was performed for sera. A novel reassortant wild bird-origin H7N4 virus is identified from the patient and her backyard poultry (chickens and ducks) by sequencing, which is distinct from previously-reported avian H7N4 and H7N9 viruses. At least four folds increase of neutralizing antibodies to H7N4 was detected in her convalescent sera. No samples from close contacts, wild birds or other poultry were tested positive for H7N4 by real-time RT-PCR.
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Introduction
Avian influenza virus (AIV) H7N9 has raised global concerns since human infections of low pathogenic (LP) and highly pathogenic (HP) H7N9 viruses emerged in 2013 and 2017, respectively [1, 2] . The virus has caused five waves of virulent human infections in China Mainland [3] , and cases have been exported to other districts in Asia and North America [4] [5] [6] , with a huge economic loss [7, 8] . The H7 subtype HA gene has been found in combination with all nine NA subtype genes [9] . Other influenza A subtype H7 viruses, such as H7N2, H7N3 and H7N7, were documented being capable of infecting human as well [10] [11] [12] [13] , but usually selflimiting.
Both HP and LP strains of influenza A (H7N4) virus have been identified from domestic poultry and wild birds in Australia, Korea, Europe and North America [14] [15] [16] [17] . Here, we report a human case with severe pneumonia infected by a novel wild bird-origin H7N4 virus. of the China National Unknown Cause Pneumonia Surveillance Network. Patients admitted to a local hospital with diagnosis of pneumonia, who have rapid progress but lack of identified pathogenic causes, are required to be sampled and sent to laboratory networks for pathogenic analyses, including influenza viruses. As a practice in China, empirical antiviral treatment (neuraminidase inhibitor) is recommended for suspected influenza patients before laboratory confirmation, in order to acquire the most health benefits.
Methods and materials

Case identification
Epidemiological investigation and specimen collection
We acquired patient's epidemiological information, such as demographic characteristics, recent direct or indirect exposures to poultry or other animals, recent travel history and history of seasonal influenza vaccination, by a face-to-face interview with the patient and her family members. Patient's clinical data, including underlying medical conditions, clinical symptoms and signs, radiographic examinations, clinical laboratory testing results, clinical treatment, clinical complications and outcome, were derived from her medical records. Serial respiratory and blood samples were taken at an interval of 1-3 days until the patient's recovery.
Close contacts were defined as individuals who had provided care to, had been living with, or had potentially been directly exposed to respiratory secretions or body fluids of the patient during the time span of one day before the illness onset to the isolation of the patient. We took respiratory and blood samples from all close contacts, and followed them up daily for any signs or symptoms of respiratory illness till the 28th day after their last unprotected contact with the patient. No antiviral chemoprophylaxis was implemented. Those who shared a similar exposure history with the patient, such as had been exposed to the same animals or environment during the 14 days before illness onset of the patient, were defined as co-exposers.
We collected throat, cloacal and/or feces samples of poultry and wild birds from the patient's backyard, neighborhood, local live poultry markets (LPMs) and the nearest lake, for tracing source and spread range of the virus.
Laboratory analyses
Nucleic acid extraction and detection
Nucleic acids were extracted using Viral DN&RNA Kit (Tianlong Bio-Technology Co., Ltd, Suzhou, China), according to the manufacturer's instructions. Commercial real-time RT-PCR kits for detecting H1 to H16 and N1 to N9 subtypes were performed to detect the influenza subtypes (Jiangsu Bioperfectus Technologies Co., LTD, Taizhou, China). In addition, the patient's throat swabs were tested for 28 other respiratory pathogens (Table S1 online) using laboratory-developed specific real-time PCR assays (conditions and primers are available on request).
Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.scib.2018.07.003.
Virus isolation
Throat swabs of the patient, cloacal swabs of chicken and ducks were collected and maintained in a viral transport medium. The swabs were propagated in the allantoic sac and amniotic cavity of 9-to-11-day-old specific pathogen-free (SPF) embryonated chicken eggs for 72 h at 36°C. The virus titer was established with a haemagglutination (HA) test using turkey red blood cells and was recorded as the reciprocal of the highest dilution of the virus that induced hemagglutination.
Micro-neutralization assay
Micro-neutralization (MN) tests (from titers !40) were performed for patient's serum samples collected during acute and convalescent stage of illness course, according to WHO manual [18] . The standard antigen used in the assay was produced from the A(H7N4) isolate from the chicken fed by the patient (A/ Chicken/Jiangsu/1/2018 H7N4).
Genome sequencing and phylogenetic analysis
Virus RNA was reversely transcripted into cDNA and viral genomes were amplified [19, 20] . Sequencing was done with the Illumina MiSeq platform as previously described [21] . Maximumlikelihood phylogenetic analysis was conducted with RAxML-HPC2 on the Extreme Science and Engineering Discovery Environment (XSEDE) version 8.2.10 with GTR+C model and 1000 bootstraps for all the eight genes of the eight H7N4 influenza viruses by using the top 100 BLAST hits of A/Chicken/Jiangsu/103/2018(H 7N4), which has the highest identity with A/Jiangsu/1/2018 (H7N4), available from GenBank and Global Initiative on Sharing All Influenza Data (GISAID). Each tree was rooted with the earliest isolate among the hits and was visualized by FigTree v1.4.3. Of note, five human H7N9 viruses from 2013 to 2017 were added in the HA tree.
Ethic issue
The National Health and Family Planning Commission deemed the data collection for this case to be part of the continuing public health outbreak investigation and exempt from institutional review board assessment. The identity information of the case was unrevealed in this report. The institutional review board of Jiangsu Provincial Center for Disease Control and Prevention (JSCDC) approved the assessment of these close contacts. Written informed consent was obtained from the close contacts.
Results
Social-demographic and clinical characteristics of the patient
On January 3, 2018, a patient, female Han Chinese aged 68 years, with rapidly progressed pneumonia was detected through the Hospitalized Pneumonia Surveillance in Jiangsu Province. Her medical records retrieved from local Hospital Information System showed that she had comorbidities of coronary heart disease, hypertension, periapical periodontitis, chronic cholecystitis and cholecystolithiasis, and underwent cholecystectomy in 2016. She had no history of influenza vaccination. The timeline of her current disease course was shown in Fig. 1 . She developed initial symptoms of cough, fatigue and sore muscles on Dec. 25, 2017 (day 0), and fever and chills the next day (day 1). She visited a local clinic on day 2 and was treated with Shengmai (a traditional Chinese medicine for cardiovascular disorders) intravenously once. Her symptom progressed rapidly during the following days, with a peak body temperature of 39°C. She was admitted to the hospital on day 5, and to ICU on day 7 with complications of respiratory failure, liver and blood coagulation dysfunction. Chest CT scan showed increased density in inferior lobe of right lung and right pleural effusion on day 5, bilateral pneumonia with consolidation of right lung on day 7, and a rapid progression of diffuse groundglass opacities with consolidation in right lung on day 11 ( Fig. 2a-c) .
The number of white blood cell was within normal range on the day of hospital admission (day 5) and was decreased on the day of ICU admission (day 7). Lymphocytopenia was observed from day 5 to day 8. High concentration of aspartate aminotransferase (AST) was constantly recorded till day 16. Blood platelet count remained decreased until day 10, and D-dimer concentration was elevated on all tests. Blood concentrations of urea nitrogen and creatinine were normal through all tests, but urine protein was detected on day 6 and day 7. Reduced arterial partial pressure of oxygen was recorded the day of admission to hospital prior to the implementation of oxygen inhalation, and remained decreased till day 11 (Table 1) . Antiviral treatment (Oseltamivir phosphate) was initiated empirically on day 5 (75 mg twice a day) and was terminated after her discharge from ICU. The dose was doubled during the first 4 days of her stay in ICU (Fig. 1) . Nasal catheterization of oxygen inhalation was implemented from the day of admission till her discharge from ICU. Glucocorticoids, intravenous albumin and immune globulin therapy were jointly implemented, with combination of antibiotics for bacteria secondary infection. Methylprednisolone sodium succinate was administered from day 5 to day 10. The dose was 20 mg per day for 2 days prior to ICU admission, 40 mg twice a day for the first 2 days in ICU and 40 mg per day for the following 2 days. Cefoxitin Sodium (2 g per day) and Azithromycin Lactobionate (0.5 g per day) were jointly administered for 2 days before the patient's ICU admission. Moxifloxacin hydrochloride (0.4 g per day) was implemented during her stay in ICU instead. After that, Cefoperazone Sodium and Sulbactam Sodium (3 g per day) were initiated on day 16 as a substitution, and Linezolid (0.6 g per day) was added the following day. Antibiotics treatment ended on day 24.
Mycoplasma pneumoniae (MP) was cultured from patient's throat swab collected on the day of ICU admission (day 7), but the specific IgM antibody was only weakly positive in patient's blood specimen obtained on day 8, indicated by indirect immunofluorescent assay (kits manufactured by VIRCELL, S.L.). During her stay in ICU, patient's sputum was collected on day 8, 9, 12, 13 and 14. From them, Monilia albican was continuously cultured and Klebsiella pneumoniae was cultured from the sputum collected on day 12 only. The patient recovered and was discharged from hospital on day 28 ( Figs. 1 and 2d ).
Laboratory analyses
Throat swab samples obtained from the patient on day 9 and day 11 were shown to be positive for H7N4, while samples obtained since day 12 showed negative, by real-time RT-PCR. All samples showed negative for other influenza subtypes and 28 respiratory pathogens, except for herpes simplex virus-1 (HSV-1, positive from day 9 to day 17) and human coronavirus type 229E (HCov 229E, positive from day 20 to day 27) ( Table S1 ). Next generation sequencing (NGS) and genome assembly showed 8 consensus gene segments of H7N4 from the throat swab on day 9 (designated as A/Jiangsu/1/2018 (H7N4), henceforth, JS1). The results were confirmed subsequently by the Chinese National Influenza Center, the WHO Reference Laboratory. Microneutralization assay showed that patient's antibody titer to H7N4 was less than 40 on day 9, when she was in ICU with considerable progress of bilateral pneumonia indicated by CT scan and throat swab positive for H7N4 virus by real-time RT-PCR. On day 12, a neutralizing antibody titer of 40 to H7N4 was detected from serum, while the patient's throat swab became negative for H7N4 virus by real-time RT-PCR. The neutralizing antibody titer continued increasing to 80 on day 14 and to 160 on day 23, which coincided with the patient's discharge from ICU and rehabilitation indicated by chest CT scans (Table S2 online) . In contrast, HSV-1 was detected in patient's throat swabs even two days after the patient's discharge from ICU, and HCov 229E was only detected during the patient's convalescent stage.
As we failed to isolate virus from throat swab of the patient collected on the 5th day post antiviral treatment, viral genome was sequenced following influenza virus specific amplification and was deposited in the GISAID (accession number: EPI1139727-EPI1139730, EPI1139738, EPI1139761, EPI1139780, EPI1139806). Meanwhile, we successfully isolated five and two H7N4 strains from the duck and chicken raised by the patient, respectively, and sequenced the genomes (Fig. 3) . Theses viral genome sequences were also deposited in the GISAID (accession number: EPI1139887-EPI1139894, EPI1150038-EPI1150053, EPI1150055 -EPI1150086).
Sequence comparison showed that all strains isolated from chicken and ducks shared high similarity with JS1 (99.5-100%). BLAST search against GenBank and Gisaid showed that all eight gene segments of JS1 were homologous to those of influenza viruses of the Eurasian waterfowl. The haemagglutinin gene shared the highest identity with A/environment/Korea/MA-478/2016 (H7N7) and A/environment/Korea/W478/2014 (H7N7) (98.5% identity), and the neuraminidase gene was most similar to that of A/mallard/Chany/126K-2/2014 (H8N4) (98.5% identity). All the internal genes were distinct from H7 and N4 subtypes previously reported (Table S3 online) .
Phylogenetic analysis showed that the H7 genes belonged to the Euroasian lineage. They were closely related to the H7N7 viruses from wild birds in China and Korea, but separated from the human-infecting H7N9 (Fig. 3a) . The NA and internal genes phylogenies showed a similar topology that all genes belonged to the Euroasian lineage and had been circulating within migratory birds (Fig. 3b) . Of note, the JS1 had all eight genes most closely related to A/chicken/Jiangsu/103/2018 from the phylogenetic trees, the virus isolated from her fed chicken in her backyard. 
Normal ranges of selected indicators were presented in Table S4 online. a Hypersensitive C-reactive protein was tested on day 5 and day 6. b Urine protein was tested qualitatively on day 6 and quantitatively on day 7.
Key functional loci analyses indicated that avian H7N4 strains were nearly identical to JS1. The HA possessed a low pathogenic pattern (ELPKGR|G) at the cleavage site, and the receptor binding site presented the QSG motif at residues 226-228 (H3 numbering), which was different from that of the H7N9 virus (LSG). No deletion was detected in the NA stalk. All viruses had H274 (N2 numbering) in NA and S31 in M2, indicative of susceptibility to oseltamivir and adamantane. Mutations of M30D and T215A in M1, and P42S in NS1 were observed in all viruses. Of special note, the JS1 possessed the substitution of E627K in PB2, whereas the poultry H7N4 viruses presented the consensus E627. Analysis of the sequencing reads revealed that JS1 had 98.4% of A (resulting in K627) and 1.6% of G (resulting in E627). The most closely related virus (A/ chicken/Jiangsu/103/2018) had 0.8% of A and 99.2% of G at 627 in PB2 (Table 2 ).
Epidemiological investigation
The patient lives in a rural area in southern Jiangsu Province of eastern China. She had no history of visiting LPMs, or travelling other area in the previous 4 weeks before her illness onset. She runs a crab farm and lives by the side of her crab pond with her husband. Her residence is at least 500 m away from the hamlets nearby. The patient purchased 26 chickens and 23 ducks from LPMs during August and September in 2017, and raised them in her backyard for self-consumption. The ducks were usually sent to the adjacent river for breeding where wild birds (predominantly, egret) were frequently observed. On Dec. 23, 2017 (2 days preceding her illness onset), the patient helped her husband slaughter one of the chicken raised in her backyard.
A total of 28 close contacts were identified, including four family members and 24 health care workers. During the 28-day following-up, two of them developed fever and cough, and recovered. However, throat swabs collected from them before empirical antiviral treatment were negative for influenza by real-time RT-PCR. Paired serum samples from ten of the close contacts including a co-exposer and nine health workers were collected at the beginning and the end of the medical observation, single serum sample was collected from each of other close contacts at the end of the following-up, but none showed detectable neutralizing antibodies to H7N4 virus.
After the patient was suspected infection with H7N4 virus, throat and/or cloacal swabs were sampled from each of the poultry raised by her (all 19 ducks and 16 chickens available when the investigation was implemented). None of the poultry showed signs of illness. Among them, 18 ducks and six chickens were tested positive for H7N4, negative for other subtypes by real-time RT-PCR. From Jan. 6 to Jan 11, 2018, a total of 46 cloacal swab or feces samples were collected from the chickens and ducks raised by other residents who live in the same region, and all were negative for H7N4 and other influenza subtypes. Moreover, 20 swab or feces samples were collected from the nearest local LPMs where the patient and her neighbors bought poultry. The results were also negative for H7N4, but nine samples were H9N2 positive. A total of 16 and 25 feces samples of wild birds (probable egrets) were obtained around the patient's residence and the nearby lake, respectively, but all were H7N4 negative. 
Discussion and conclusion
We report the infections of both human and poultry with a novel reassortant avian influenza A(H7N4) virus, and a poultryto-human viral transmission route.
The patient was featured with initial symptoms of influenzalike-illness, followed by rapidly progressed pneumonia. No conjunctivitis presented. As many of the H7N9 patients, the H7N4 patient also had similar comorbidities, clinical abnormalities and complications, as well as bacterial secondary infection. Analogous treatment [22] , such as the combination of antiviral, immunoglobulin and antibiotics therapy, showed effectiveness for treating H7N4 infection in this case as well. The patient's recovery was associated with the negativity of H7N4 virus in throat swabs and the elevation of neutralizing antibody titers to H7N4 in sera. Both results of clinical blood biochemistry tests, such as normal or decreased number of white blood cells and lymphocytopenia during acute phase, and fast progressed diffuse ground-glass opacities with consolidation indicated by chest CT scans, are the typical characteristics of infection with avian influenza, rather than MP, which is featured with slowly developing syndrome and bibasilar streaky infiltrates presented on chest CT scan [23] . The detection of HSV-1 was probably due to the reactivation of the latent virus [24] , and the detection of HCov 229E during the patient's recovery phase was likely a mild secondary infection. The occasional identification of Klebsiella pneumoniae in patient's sputum was probably due to a transient nosocomial infection or contamination [25] , as the pathogen was consistently negative for PCR in the patient's throat swabs collected from day 11 to day 27. Our PCRtesting platform for 28 respiratory pathogens, including viruses and bacteria, provided an efficient alternative for detecting infection or co-infection of pathogenic agents.
Specific antiviral treatment was initiated early in this H7N4 case (5 days after onset of disease), compared with the median time of H7N9 patients (7 days) [22] . High-dose corticosteroid therapy (>150 mg/d methylprednisolone or equivalent) was reported to significantly increase mortality and viral shedding time of H7N9 patients [26] . In this case, the dose implemented was low to moderate (20-80 mg/d).
HP and LP H7N4 viruses have been identified in avian from Australia, Korea, Europe and North America [14] [15] [16] [17] , but not from China before. However, the genomic analysis indicated that the H7N4 viruses described here differed from those reported previously, especially for the six internal genes. In addition, the H7N4 viruses were in a different subclade from H7N9 viruses. Its apparently low pathogenicity could help it to circulate in poultry without noticing, which highlighted the importance of hospitalized pneumonia surveillance in early detection of novel pathogens.
Several features of the H7N4 virus might contribute to the disease severity and recovery of the patient. The binding preference of avian-like a2, 3-linked sialic acid receptor, which is dominant in human lower respiratory tract, makes the virus could result in lung damage [27] . K627 in PB2 could increase virulence in mammalian hosts [28] . Comparison of the NGS data of JS1 and chicken viruses suggests that virus adaptation caused by E627K conversion had occurred during virus replication in the patient. Besides, M30D and T215A mutations in M1, and P42S mutation in NS1 are associated with increased virulence in mice [29] . The existence of multiple comorbidities of the patient could also add to the severity of the H7N4 infection. In contrast, the susceptibility of the virus to antivirals (H274 in NA) suggested that the early administration of Oseltamivir phosphate probably contributed to the fully recovery of the patient.
Unlike the H7N2, H7N3 and H7N7 mainly caused only mild symptoms [10] [11] [12] [13] , the H7N4 virus led to a severe human infection, as most of the reported H7N9 patients [22] . However, distinct from the H7N9, all gene segments of the H7N4 were from influenza viruses of wild birds, where reassortments might occur. And the human infection might have occurred during her butchering the chicken. The molecular data supported the assumption, as one of the chicken H7N4 viruses (A/Chicken/Jiangsu/103/2018) shared the most similarity to human-infecting H7N4 virus (A/ Jiangsu/1/2018).
Some person-to-person transmission of influenza H7 subtype viruses, such as H7N9 and H7N7 [13, 30] , has been reported. However, in this study, the medical observation and laboratory testing of close contacts showed no evidence of person-to-person transmission of this novel H7N4 virus, in the context of no close contacts receiving oseltamivir chemoprophylaxis. Absence of the novel H7N4 virus in poultry raised by other residents who lived in the same region, and in local LPMs also indicates that the virus has not spread out by poultry. However, considering the virus was very likely carried by migratory birds, similar cross-species transmission would happen elsewhere at the interface of wild and domestic birds, and thus infect humans.
The symptomatic surveillance system and pathogen detection platform, including NGS, established in Jiangsu Province play an important role in the early identification and early intervention 
